INTRODUCTION
Inflammatory bowel diseases (IBDs), represented by Crohn's disease (CD) and ulcerative colitis (UC), are chronic inflammatory disorders of the gastrointestinal tract. 1 Both genetic and environmental factors have a central role in the pathogenesis of IBD. 2, 3 Recent genome-wide association studies and subsequent meta-analyses of IBD patients have identified more than 200 IBD risk loci. 4, 5 Among them, some loci are specific to the risk for either CD or UC. [4] [5] [6] [7] [8] Further analyses of UC-specific loci in UC patients have identified a genetic variation of RNF186 in which alanine at 64 position is substituted with threonine (A64T). 9 RNF186 is a member of the large RING finger protein family of which many possess an E3 ubiquitin ligase (RING finger E3) activity. 10, 11 RING finger E3s, which comprise the largest subgroup of E3 ligases, have been shown to control many cellular processes including regulation of endoplasmic reticulum (ER) stress. 12 Several lines of evidence suggest a close association between ER stress and intestinal inflammation. 13 Increased expression of ER stress markers is observed in IBD patients. 14, 15 Missense mutations of the Muc2 gene, which causes accumulation of Muc2 protein in goblet cells, lead to ER stress and spontaneous development of colitis in mice, indicating that the intestinal inflammation is initiated by ER stress.
14 A mutation in Mbtps1 (encoding membrane-bound transcription factor peptidase site 1) leads to impairment of the unfolded protein response (UPR) against ER stress and increases the susceptibility to dextran sulfate sodium (DSS)-induced colitis.
Disruption of the Xbp1 gene, which encodes X-box binding protein 1 (a known UPR transcription factor), in intestinal epithelial cells results in development of spontaneous intestinal inflammation in association with a loss of Paneth cells and goblet cells in mice. 15 Moreover, intestinal inflammation of IBD patients is strongly correlated with single nucleotide polymorphisms (SNPs) in the XBP1 locus. 15 These studies indicate that defective responses to ER stress trigger the development of intestinal inflammation.
RNF186 has been shown to mediate the ER stress-induced response. 17 In addition, hepatocyte nuclear factor 4a (HNF4a), which regulates the expression of RNF186, 9 is associated with intestinal permeability and inflammation. 18 However, it is unclear whether RNF186 is functionally involved in the pathogenesis of intestinal inflammation.
In this study, we analyzed the role of RNF186 in the maintenance of intestinal homeostasis. RNF186 acted as an E3 ubiquitin ligase that was highly expressed in colonic epithelial cells. In the absence of Rnf186, expression patterns of RNF186 substrates were altered in colonic epithelial cells. Dysregulated protein homeostasis correlated with enhanced ER stress in colonic epithelial cells and high susceptibility to intestinal inflammation after DSS treatment in Rnf186 À / À mice. Introduction of the UC-associated A64T mutation in Rnf186 led to impaired E3 ligase activity and an increased risk of intestinal inflammation. These findings suggest that RNF186 is responsible for the maintenance of intestinal homeostasis through the control of protein homeostasis in colonic epithelia.
RESULTS

Hyperlucency of Rnf186
À / À colonic epithelia RNF186 has been shown to be highly expressed in human intestine. 19 Therefore, we first analyzed tissue expression of Rnf186 in C57BL/6 J mice. The highest Rnf186 expression was observed in the large intestine ( Figure 1a) . We then analyzed expression of Rnf186 in the lamina propria and epithelium of the large intestine. Rnf186 was predominantly expressed in the epithelium of the large intestine ( Figure 1b) . In addition, comparison of RNF186 expression between healthy controls and UC patients in datasets (GSE36807 and GSE38713) deposited in Gene expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) showed that RNF186 expression in colonic specimens was significantly decreased in UC patients (Supplementary Figure 1) . To assess the physiological function of RNF186, we generated Rnf186 À / À mice reared in a specific pathogen-free facility did not show any obvious histological abnormality in the large intestine (Supplementary Figure 3a) . Although RNF186 has been shown to localize at ER, 17 the Rnf186 deficiency did not induce an apparent morphological change of ER in the colonic epithelia (Supplementary Figure 3b) .
Development of Paneth cells and goblet cells of ileum was normally observed in Rnf186
À / À mice (Supplementary Figure 5a) . In addition, expression of inflammatory cytokines, such as Il1b, Il6, Il12p40, Il17a, Ifng, and Tnfa, was similar in 1-year-old Rnf186 þ / þ and Rnf186 À / À colonic tissues (Supplementary Figure 5b) . Moreover, percentages and numbers of IFN-g-and IL-17-expressing CD4 þ T cells were not altered in the colonic lamina propria of 1-year-old Rnf186 À / À mice compared with age-matched Rnf186 þ / þ mice (Supplementary Figure 6) . These data suggest that Rnf186 À / À mice grew healthily without any inflammatory changes in their large intestines. To evaluate the gastrointestinal barrier function, we examined gastrointestinal tract permeability in 8-week-old and 1-yearold Rnf186 þ / þ and Rnf186 À / À mice. The permeability for fluorescein isothiocyanate (FITC)-dextran (4,400 Da) was higher in Rnf186 À / À mice than in Rnf186 þ / þ mice ( Figure 1c ; Supplementary Figure 7a ). In addition, the paracellular flux determined by measuring the paracellular permeability across the colon epithelium was enhanced by the Rnf186 deficiency for the small organic solute lucifer yellow (457 Da) (Figure 1d ; Supplementary Figure 7b) . We next measured the electrophysiology across the large intestinal mucosa in Rnf186 þ / þ and Rnf186 À / À mice in an Ussing chamber system. The permeability of inorganic ions in the large intestine was similar in Rnf186 (Figure 1e and f; Supplementary Figure 7c and d) . Thus, the permeability of small organic solutes, such as dextran (4,400 Da) and lucifer yellow (457 Da), but not inorganic ions, was increased in the intestines of Rnf186 À / À mice.
Regulation of occludin expression by RNF186
Tight junction molecules control gastrointestinal tract permeability. 20, 21 Because Rnf186 À / À mice showed increased permeability in their colon, we examined messenger RNA (mRNA) expression of genes encoding various tight junction proteins including Ocln, Cldn2, Cldn3, Cldn4, Cldn7, Cldn15, and Tjp1 in colonic epithelial cells (Figure 2a ; Supplementary Figure 8 ). Among these genes, expression of Ocln (encoding occludin) was substantially increased in Rnf186 À / À mice. Occludin protein expression was also increased in Rnf186 À / À colonic epithelia ( Figure 2b ). As a component of tight junction molecules, occludin was exclusively expressed at the contact junction of closely-attached colonic epithelial cells of Rnf186 þ / þ mice in a whole-mount immunohistochemical analysis (Figure 2c ). The occludin expression was altered in Rnf186 À / À mice. The higher magnification of the immuno-stained sections showed selective occludin expression at the apical side of the colonic epithelia of Rnf186 þ / þ mice ( Figure 2d ). However, occludin was broadly expressed in the cytoplasm of colonic epithelia of Rnf186 À / À mice. Thus, Rnf186 À / À mice showed an altered expression pattern of occludin in colonic epithelia.
RNF186 acts as an E3 ubiquitin ligase in the ER membrane. 17 In addition, occludin is a target of the E3 ligase Itch for its
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MucosalImmunology | VOLUME 10 NUMBER 2 | MARCH 2017 protein turnover. 22 Therefore, we examined whether RNF186 catalyzes polyubiquitination of occludin. RNF186 was colocalized with occludin at ER in Caco-2 human colonic epithelial cells (Figure 2e ). We next examined whether occludin was a substrate of RNF186. Flag-tagged human RNF186 (Flag-RNF186 WT ), Myc-tagged occludin (Myc-Occludin), and HA-tagged ubiquitin (HA-Ub) were co-expressed in HEK293T cells, followed by analysis of the ubiquitination levels of occludin (Figure 2f ). Flag-RNF186
WT induced extensive polyubiquitination of occludin compared with a mutant RNF186 (Flag-RNF186 H60W ) in which histidine at position 60 of the RING finger domain was substituted with tryptophan, leading to defective E3 ligase activity. 23 We next analyzed whether RNF186 catalyzes K48-linked or K63-linked ubiquitination of occludin. Flag-RNF186
WTmediated polyubiquitination of occludin was detected by anti-K48 ubiquitin antibody, but not by anti-K63 ubiquitin antibody (Figure 2g; Supplementary Figure 9) . Furthermore, polyubiquitination of occludin was not induced when HA-tagged K48-linked ubiquitin mutant (HA-Ub K48R ) 24 was introduced (Figure 2h ). These data suggest that RNF186 is an E3 ubiquitin ligase controlling the homeostasis of occludin.
Altered protein expression pattern in Rnf186 À / À colonic epithelia Because RNF186 was found to mediate K48-linked polyubiquitination, which contributes to regulation of protein turnover through degradation by targeting to the proteasome, 12 we compared the expression of colonic epithelial proteins in Rnf186 þ / þ and Rnf186 À / À mice by liquid chromatographytandem mass spectrometry (LC-MS/MS). Quantitative proteomic analysis using normalized total spectra showed that 52 proteins were found to be significantly different between Rnf186 þ / þ and Rnf186 À / À colonic epithelial cells ( Figure 3a ; Figure 10 ). Among down-regulated proteins, several pathways were affected and the pathway of LPS/IL-1-mediated inhibitor of RXR functions was the most significant. In contrast, the protein ubiquitin pathway was the sole pathway that was significantly altered. We also performed functional analysis in IPA, which identifies biological relevance on the basis of manually curated literature findings. In diseases and disorders category, 52 proteins were associated with gastrointestinal diseases (Figure 3b ). These findings raised the possibility that RNF186 regulates expression level of these proteins, and the altered expression patterns of these proteins are associated with the pathogenesis of intestinal inflammation. To determine direct targets of RNF186, we examined whether RNF186 interacts with these proteins, particularly focusing on proteins, which expression was increased in Rnf186 
MucosalImmunology | VOLUME 10 NUMBER 2 | MARCH 2017 colonic epithelial cells. Among six proteins analyzed, signal recognition particle receptor, B subunit (SRPRB), glucoseregulated protein, 78kDa (GRP78) and guanine nucleotide binding protein, beta polypeptide 2 (GNB2) interacted with RNF186 H60W (Figure 3c ; Supplementary Figure 11) . As is the case in occludin (Figure 2f ), Flag-RNF186
WT , but not Flag-RNF186 H60W , induced polyubiquitination of SRPRB, GRP78, and GNB2 ( Figure 3d ). In addition, in cells expressing Flag-RNF186
WT , expression of SRPRB, GRP78, and GNB2 was severely decreased compared to cells expressing Flag-RNF186 H60W ( Figure 3d ). These findings indicate that RNF186 regulates expression of several proteins, such as SRPRB, GRP78, and GNB2 through induction of polyubiquitination.
Deterioration of DSS-induced colitis in Rnf186
À / À mice RNF186 was found to regulate the homeostasis of several colonic epithelial proteins including occludin, SRPRB, GRP78, and GNB2. Therefore, we next analyzed whether the dysregulated protein homeostasis in colonic epithelial cells of Rnf186 À / À mice leads to an increased risk of intestinal inflammation. To this end, DSS was orally administrated to Rnf186 þ / þ and Rnf186 À / À mice. Rnf186 À / À mice showed severe weight loss and a decreased survival rate compared with (Figure 4d) . Thus, Rnf186
À / À mice were highly susceptible to DSS-induced intestinal inflammation with the increased expression of RNF186 target proteins.
In DSS-mediated colitis, induction of the UPR has been demonstrated in colonic epithelial cells. 25, 26 In addition, GRP78, which was increased in Rnf186 À / À colonic epithelia (Figure 4d) , was integral to UPR. 13 Therefore, we analyzed mRNA expression of another UPR-related gene Ddit3, encoding CHOP. 27, 28 Expression of Ddit3 was dramatically increased in colonic epithelial cells of Rnf186 À / À mice after DSS treatment (Supplementary Figure 12) . Moreover, in the colonic epithelial cells of DSS-treated Rnf186 À / À mice, protein expression of CHOP and spliced XBP1 (sXBP1) was markedly augmented (Figure 5a) . Thus, the deficiency of Rnf186 enhanced ER stress in colonic epithelial cells during DSS administration.
To determine the association between intestinal inflammation and cell death of colonic epithelial cells in Rnf186 þ / þ and Rnf186 À / À mice, we examined the number of TUNEL-and active caspase-3-positive cells among colonic epithelial cells of Rnf186 þ / þ and Rnf186 À / À mice before and after 4 days of DSS administration. Marked increases in the numbers of TUNEL-and active caspase-3-positive cells were detected in the colonic epithelial cells of DSS-treated Rnf186 À / À mice compared with Rnf186 þ / þ mice (Figure 5b,c) . These findings indicate that the deficiency of Rnf186 leads to an increase in apoptosis of colonic epithelial cells together with enhanced ER stress. We also introduced another model of intestinal inflammation using oxazolone, which is reported to induce UC-like histologic changes in the large intestine 29 ( Supplementary Figure 13a,b) . Oxazolone-treated Rnf186 À / À mice suffered from the more severe intestinal inflammation than Rnf186 þ / þ mice, as evidenced by profound pathology and weight loss. Thus, Rnf186
À / À mice were highly sensitive to intestinal inflammation induced by foreign stress.
To test the effects of ER stress on colonic epithelial integrity in Rnf186 À / À mice more directly, we intraperitoneally challenged mice with an ER stress inducer, tunicamycin. Whereas only one of 13 Rnf186 þ / þ mice died after tunicamycin challenge, 13 of 18 Rnf186 À / À mice succumbed within 96 h (Figure 6a) . TUNEL staining of colonic tissues showed an increased number of dead cells in Rnf186 À / À mice compared with that in Rnf186 þ / þ mice (Figure 6b) . Thus, RNF186 is required for protection of colonic epithelial cells from tunicamycin-induced ER stress.
Impaired function of the UC-associated variant of RNF186
We next analyzed whether substitution of alanine with threonine at the 64th position (A64T), which is found in UC patients, 9 was associated with the increased risk of intestinal inflammation. The human RNF186 A64T mutant (Flag-RNF186 A64T ) induced less polyubiquitination of occludin than Flag-RNF186 WT (Figure 7a) . Thus, the A64T mutation leads to dysfunction of the RNF186 protein.
Next, we generated A64T knock-in mice (Rnf186 A117T/A117T ) in which alanine at the 117th position (corresponding to the 64th position in human RNF186) was substituted with threonine using the CRISPR/Cas9 system 30 ( Supplementary  Figure 14a,b) . The uptake of lucifer yellow in colonic epithelial cell layers was enhanced in Rnf186 A117T/A117T mice showed higher sensitivity to tunicamycin-induced ER stress than Rnf186 wt/wt mice ( Figure 7c ). In addition, Rnf186
A117T/A117T mice showed more severe weight loss and a decreased survival rate after DSS administration compared with Rnf186 wt/wt mice (Figure 7d,e) . Histological analyses showed intensive intestinal inflammation with increased numbers of TUNEL-positive cells in Rnf186 A117T/A117T mice compared with Rnf186 wt/wt mice after DSS administration (Figure 7f,g) . Furthermore, expression of GRP78, CHOP, and sXBP1 in colonic epithelial cells was markedly increased in DSS-treated Rnf186 A117T/A117T mice (Figure 7h ). These findings indicate that the A117T mutation in mice (A64T in humans) correlates with an increased risk for stress-induced intestinal inflammation.
DISCUSSION
In the present study, we analyzed the functional role of the UC-associated gene Rnf186 in mice, [6] [7] [8] [9] and demonstrated that RNF186 is responsible for the maintenance of intestinal homeostasis in colonic epithelial cells.
RNF186 is an E3 ligase that is highly expressed in colonic epithelial cells, which regulates the protein homeostasis (proteostasis) 31, 32 of its substrates through induction of K48-linked polyubiquitination. Among the substrates The colonic epithelial proteins in 8-week-old Rnf186 þ / þ (WT) and Rnf186 À / À (KO) mice (n ¼ 4 per group) were analyzed by LC-MS/MS. List of proteins, which were statistically significant by quantitative proteomic analysis, is shown. The normalized total spectra, which were analyzed with Scaffold (ver. 4.4.5), are represented. P value by moderated t test, adjusted by the Benjamini-Hochberg method (BH). Red letters show upregulated proteins and blue letters show down-regulated proteins in Rnf186 À / À mice.
identified in the present study, the amount of occludin protein was increased in colonic epithelial cells and the distribution of occludin was altered in colonic epithelial cells in the absence of Rnf186. Tight junction molecules including occludin show dynamic protein behavior such as a continuous cycle of association and dissociation from tight junctions. 33 The dynamic behavior of occludin is regulated by phosphorylation and ubiquitination. 34 The present study showed that RNF186 maintains occludin homeostasis through ubiquitination in colonic epithelial cells. Disturbances in proteostasis are involved in the pathogenesis of several disorders. 31, 32 Although Rnf186 À / À mice did not develop colitis spontaneously, they showed increases in the permeability of organic solutes in the colon. This change might be due to the altered colonic distribution pattern of occludin, a component of tight junctions that mediate selective diffusion of organic solutes and ion solutions. 35 However, a deficiency of occludin alone does not lead to the development of colonic inflammation. 36 Indeed, another tight junction molecule, claudin-7, has been shown to regulate small organic solute diffusion in the colon and thereby regulates colonic homeostasis. 37 Thus, an imbalance in homeostasis of proteins, including occludin and possibly other molecules associated with barrier functions, in colonic epithelial cells might affect the molecular dynamics of tight junction complexes, leading to increased permeability. In addition to occludin, several RNF186 substrates were identified. Among them, SRPRB is one of the key factors for cotranslational protein translocation to the ER membrane. 38, 39 The co-translational protein translocation pathway and the UPR work in a coordinated manner in the ER to maintain protein homeostasis during stress. 40 Thus, insufficient degradation of SRPRB might secondarily contribute to the induction of dysregulated proteostasis in stressful condition. In the present study, disturbed protein homeostasis found in Rnf186 À / À colonic epithelia is discussed to be mediated by reduced protein degradation. However, it is possible that other mechanisms, such as enhanced protein stability and increased protein synthesis, contribute to the phenotype of Rnf186 À / À mice. Future studies will be required to address the other mechanisms.
The present study showed that the disturbed proteostasis increases the ER stress in intestinal epithelial cells leading to the high sensitivity to DSS-induced intestinal inflammation. Similar findings have been reported in several studies. Mice treated with the proteasomal inhibitor MG132 are highly sensitive to DSS-induced intestinal inflammation. 41 Mice lacking Xbp1, Mbtps1, Em2 (encoding IRE1b), or Oasis, all of which increase ER stress in intestinal epithelial cells, do not develop colitis spontaneously, but they are vulnerable to DSSinduced intestinal inflammation. 15, 16, 26, 42 Thus, an increase of ER stress in colonic epithelial cells increases the risk of intestinal inflammation. 13 In addition, ER stress is reported to be induced in human IBD patients. Expression of GRP78 and sXBP1 is enhanced in the small and large intestines of CD patients. 15, 43 In UC patients, GRP78 expression is increased in the colon, especially in the inflamed mucosa. 14, 15, 43 The ER stress observed in IBD patients may be induced secondarily to the intestinal inflammation. However, several mouse models of intestinal inflammation, such as mice lacking molecules in the UPR pathway (Xbp1, Mbtps1, and Em2), 15, 16, 26 which are not able to cope with the ER stress, as well as mutant mice with aberrant protein production and subsequent enhanced ER stress, 44 all show that ER stress triggers intestinal inflammation. The present study provides evidence that impaired protein degradation increases the risk of intestinal inflammation when colonic epithelial cells are exposed to stressful conditions.
In the present study, we showed that dysfunction of RNF186 leads to the enhanced ER stress and the increased risk of intestinal inflammation. However, because E3 ligases are involved in multiple cellular processes, it is possible that other mechanisms induced by the RNF186 dysfunction might contribute to the intestinal inflammation. Indeed, RNF186 has been shown to mediate enhanced ER stress responses. 17 The discrepancy to our results would be due to different cell types used in the study. In addition, the signaling of LPS/IL-1-mediated inhibitor of RXR functions was most significantly affected among down-regulated proteins in Rnf186 À / À colonic epithelia, thus indicating the possible involvement of this pathway in the high sensitivity to intestinal inflammation. Therefore, it would be an interesting future issue to address whether other mechanisms are involved in the intestinal inflammation observed in the Rnf186 polymorphism.
Dysregulated proteostasis itself does not directly cause intestinal inflammation in Rnf186 À / À mice. In this regard, as described above, several molecules involved in the UPR pathway might compensate for Rnf186 deficiency. Intestinal epithelial cells are continuously exposed to the luminal environment and should cope with ER stress induced by environmental factors. Therefore, in addition to protein degradation, intestinal epithelial cells possess several other mechanisms, including protein synthesis, maturation, glycosylation, and secretion, for the maintenance of proteostasis. A diet high in saturated fat has been shown to alter the intestinal environment, leading to an increased incidence of intestinal inflammation in Il10 À / À mice. 45 Thus, it would be an interesting future direction to determine whether Rnf186 À / À mice succumb to altered intestinal environments induced by a high fat diet.
The UC-associated variation (A64T) of RNF186 resulted in impaired E3 ligase activity in the human protein and increased sensitivity to DSS-induced intestinal inflammation in mice. Thus, the A64T mutation of RNF186 is functionally associated with UC pathogenesis, although it does not induce spontaneous inflammation in a SPF condition in mice. The RNF186 A64T variant was identified in North American and European UC patients (P ¼ 8.69 Â 10 À 4 ; odd ratio ¼ 1.49 (1.17-1.90)). 9 However, the A64T SNP in RNF186 was not found in 117 Japanese UC patients and 104 healthy individuals (our unpublished data), indicating that the non-synonymous coding variant in RNF186 is distinctly rare in UC patients and is unlikely to be a major primary cause of the UC pathogenesis. Differential frequencies of IBD-associated SNPs between Caucasian and Asian populations have also been reported for NOD2. 46 IBD pathogenesis is governed by not only genetic factors, but also environmental factors. 2 Intestinal environments, particularly the composition of microbiota, vary among populations depending on long-term dietary patterns. 47 Thus, various intestinal environments have a significant effect on IBD pathogenesis, which might cause differential genetic susceptibility loci for IBD among distinct populations. Thus, IBD is a disorder induced by multiple and highly complicated factors. Our study revealed that the UC-associated gene RNF186 is functionally involved in the maintenance of gut homeostasis through controlling proteostasis in colonic epithelia. The A64T mutation of RNF186 results in a high risk for intestinal inflammation. Therefore, RNF186 may be a candidate marker for the diagnosis and prognosis of UC development.
METHODS
Mice. C57BL/6 J mice were purchased from Japan SLC (Shizuoka, Japan). Rnf186 À / À mice and Rnf186 A117T/A117T mice were generated as described in Supplementary Material. All mice were maintained under specific pathogen-free conditions at the Experimental Animal Facility of the Graduate School of Medicine, Osaka University. Animal experiments were performed according to guidelines of the Animal Research Committee of the Graduate School of Medicine at Osaka University.
Isolation of lamina propria and epithelium of large intestines. Large intestinal lamina propria and epithelium were isolated using previously described protocol. 48 More precisely, large intestines of Rnf186 þ / þ and Rnf186 À / À mice were opened longitudinally and washed to remove fecal content in sterile phosphate-buffered saline (PBS). Large intestines were then incubated in sterile HBSS (Nacalai Tesque, Kyoto, Japan) containing 30 mM EDTA at room temperature for 5 min with rigorous shaking to elute the epithelium from large intestines and the supernatant was centrifuged at 3,000 Â g for 5 min. The resulting cell pellet was washed with ice-cold sterile PBS and used for epithelial cells. For isolation of lamina propria, after removing the epithelial layer, fat tissue was also removed from large intestines.
Quantitative RT-PCR. RNA samples were prepared from the indicated tissues using TRIzol reagent (Invitrogen, Yokohama, Japan). Total RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Promega, Tokyo, Japan) and random primers (Toyobo, Osaka, Japan) after treatment with RQ1 DNase I (Promega). Complimentary DNA was analyzed by real-time RT-PCR using GoTaq qPCR Master Mix (Promega) in an ABI 7300 (Applied Biosystems, Yokohama, Japan). Values were normalized to the expression of Gapdh, and the fold difference in expression relative to Gapdh expression is shown. The primer sets are shown in Supplementary Table 2. FITC-dextran permeability assay. Eight-week-old and one-year-old Rnf186
and Rnf186 À / À mice were administrated with 4,400 Da FITC-Dextran (40 mg/100 g body weight) (Sigma-Aldrich, Tokyo, Japan) at 4 h before sacrifice. After obtaining whole blood, absorption of 100 ml serum or the standard at 488 nm was measured in a fluorometer. As a standard curve, FITC-dextran was diluted in PBS.
Measurement of small organic solute uptake into the colon by an everted intestinal sac. The large intestines of 8-week-old and 1-year-old Rnf186 þ / þ and Rnf186 À / À mice as well as 6-week-old Rnf186 wt/wt and Rnf186 A117T/A117T mice were isolated and the paracellular permeability was measured as described previously. 37 Electrophysiological measurements. The middle colon of 8-week-old and 1-year-old Rnf186 þ / þ and Rnf186 À / À mice was isolated and the musculature was removed by blunt dissection. The sample was then mounted as a flat sheet between two Ussing chambers with an exposed area of 0.2 cm 2 to examine the transepithelial conductance and the NaCl dilution potential. 37 Plasmid construction. Plasmids were generated as described in Supplementary Material.
Immunoprecipitation and western blotting. HEK293T cells transfected with the indicated plasmids were lysed in lysis buffer containing 1.0% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, and a protease inhibitor mixture. The lysates were sonicated for 5 min and then centrifuged at 13,000g for 5 min. To reduce nonspecific binding, the supernatants were incubated with protein G agarose (Millipore, Dermstadt, Germany) at 4 1C for 30 min. After centrifugation at 2,300g for 5 min, the supernatants were incubated with specific antibodies overnight at 4 1C followed by incubation with protein G agarose at 4 1C for 2 h. After centrifugation at 2,300g for 5 min and washing with 1 ml lysis buffer four times, the immunoprecipitants were resolved by SDS-PAGE. The resolved proteins were transferred to a polyvinyl difluoride membrane (BIO-RAD, Hercules, CA) and blotted with the indicated antibodies. Immunoreactivity was detected using SuperSignal (Thermo Scientific, Yokohama, Japan).
Colon epithelial cells from the indicated mice were lysed and sonicated as described above. The lysates were centrifuged at 13,000g for 5 min and the resulting supernatants were pre-incubated with protein G agarose at 4 1C for 30 min. After centrifugation at 2,300g for 5 min, the supernatants were separated and transferred as describe above. The resolved proteins were blotted with the indicated antibodies. Immunoreactivity was detected using SuperSignal (Thermo Scientific). Digital analysis of the images was performed using ImageJ software (imagej.nih.gov/ij/).
LC-MS/MS analysis. Colon epithelial cells from 8-week-old
Rnf186
þ / þ and Rnf186 À / À mice were lysed in lysis buffer containing 50 mM Tris-HCl (pH 7.6), 6 M urea, 2% sodium deoxycholate, and a protease inhibitor mixture. The lysates were sonicated for 5 min, centrifuged at 13,000g for 5 min, and the resulting supernatants were analyzed using Q-Exactive and UltiMate 3000 Nano LC systems (Thermo Fisher Scientific, Yokohama, Japan). 49 Scaffold (version 4.4.5) was used to obtain a list of protein identifications with a false discovery rate o0.0%, requiring at least two individual peptides per protein with a colonic epithelial proteins, moderated t test, adjusted by theBenjaminiHochberg method, was performed using Scaffold and P value of 0.05 was considered as a significant threshold. Similar quantitative proteomic analysis has been described previously. 50 The volcano plot was created with Scaffold and the canonical pathway analysis and the functional analysis were generated through the use of QIAGEN's IPA (QIAGEN Redwood City, www.qiagen.com/ingenuity).
Induction of DSS-induced colitis. Eight-week-old Rnf186 À / À mice and their Rnf186 þ / þ littermates as well as 8-week-old Rnf186 A117T/A117T mice and their Rnf186 wt/wt littermates were used for DSS-induced colitis experiments. Acute colitis was induced by administration of 2% DSS in the drinking water for 7 days. Mice were analyzed for changes in body weight, survival rates, and histology.
Histological analysis. For whole-mount stain, colon tissues washed with solution A (120 mM NaCl, 10 mM NaHCO 3 , 5 mM KCl, 1.2 mM CaCl 2 , and 10 mM Tris-HEPES, pH 7.4). After removing muscle layers under the microscope, the tissues were fixed in 100% methanol at À 20 1C for 10 min and then washed with PBS. After blocking with 1% bovine serum albumin in PBS for 1 h at room temperature, the tissues were stained with anti-occludin for 1 h at 37 1C. The samples were washed and incubated with Alexa 488-conjugated anti-rat IgG and 4 0 , 6-diamidino-2-phenylindole (DAPI) (cat# D9564) (Sigma-Aldrich) for 1 h at 37 1C. The samples were washed with PBS, embedded in mounting medium (cat# S3023) (Dako, Tokyo, Japan), and were observed with LSM-710 (Carl Zeiss, Tokyo, Japan). The images were analyzed with ZEN software (Carl Zeiss).
Indirect immunofluorescence was performed as described previously. 37 Mouse intestines were frozen in liquid N 2 , and frozen sections (5 mm) were prepared using a cryostat (Leica Japan), mounted on glass slides, air dried, and fixed in 100% methanol at À 20 1C for 5 min. The primary antibodies were anti-occludin. The second antibodies were Alexa 488-conjugated anti-rat IgG. Samples were examined using a BX-51 fluorescence microscope (Olympus, Tokyo, Japan).
Intestinal tissues from the indicated mice were collected and washed with PBS. After fixation in 4% paraformaldehyde overnight, the tissues were embedded in paraffin. Five-micrometer sections were stained with hematoxylin and eosin, and observed using a BZ-9000 microscope (Keyence, Osaka, Japan). Severity of colitis was evaluated by the standard scoring system as previously described. 51 The scoring was performed blinded manner by pathologists.
Cell death in colonic tissues was determined by TUNEL staining. Paraffin-embedded sections of colonic tissues were treated with reagents supplied in an in situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Tokyo, Japan) according to the manufacturer's protocol. The samples were stained with DAPI (cat# 12745-74) (Nacalai Tesque) and observed under the confocal microscope. Numbers of TUNEL-positive colonic epithelial cells were counted in random ten high power microscopic fields (HPF) at Â 40 magnification. The calculated number in each mouse was statistically analyzed. 52 Paraffin-embedded sections of Rnf186 þ / þ and Rnf186 À / À ileum and colon were prepared as described above. To quench endogenous peroxidase activity, the sections were treated with 3% hydroperoxide for 10 min at room temperature. Then, the sections were heat treated in citrate buffer (pH 6) for 15 min at 121 1C for antigen retrieval. After blocking with 10% goat serum in PBS for 1 h at room temperature, the sections were stained with anti-cleaved caspase-3 (1:100) antibodies or anti-lysozyme (1:100) antibodies overnight at 4 1C. The sections were washed and incubated with biotin-conjugated goat anti-rabbit IgG (1:2,000) for 1 h at 37 1C. After incubation with streptavidinconjugated horseradish peroxidase (Thermo Fisher Scientific) for 30 min at room temperature, the sections were visualized with DAB (3, 3 0 -diaminobenzidine and hydroperoxide) (Wako, Osaka, Japan), stained with hematoxylin, and observed using a BZ-9000 microscope. Numbers of active caspase-3-positive colonic epithelial cells were counted in random four HPFs at Â 40 magnification. The calculated number in each mouse was statistically analyzed. 52 Paraffin-embedded sections of Rnf186 þ / þ and Rnf186 À / À ileum were prepared as described above. The sections were heat treated in citrate buffer (pH 6) for 15 min at 121 1C for antigen retrieval. After blocking with 10% goat serum in PBS for 1 h at room temperature, the sections were stained with anti-MUC2 (1:100) antibodies for 1 h at room temperature. The sections were washed and incubated with Alexa 568-conjugated anti-rabbit IgG (1:500) for 2 h at room temperature. The samples were stained with DAPI (cat# 12745-74) (Nacalai Tesque) and observed under the confocal microscope.
In vivo UPR induction. Eight-to twelve-week-old Rnf186 À / À mice and their Rnf186 þ / þ littermates as well as Rnf186 A117T/A117T mice and their Rnf186 wt/wt littermates were intraperitoneally injected with tunicamycin (2 mg kg À 1 body weight) (Sigma-Aldrich) diluted in DMEM containing 3% fetal calf serum and 2% penicillin/streptomycin. Survival was monitored over 96 h.
Statistical analysis. All statistical analyses were performed using StatMate version IV statistical software (ATMS, Tokyo, Japan), Scaffold (ver. 4.4.5), or IPA. A P value of o0.05 was considered as statistically significant. Error bars denote the standard deviation.
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